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This thesis reports the visualization of ceramic particle (SiO2) distribution in the poly 
(ethylene oxide) (PEO) based composite polymer electrolytes, the investigation of 
interactions between the various components in the composite polymers, and the surface 
functionalization of the ceramic particles to improve the compatibility between the 
inorganic and polymer phases. The composites were characterized by scanning electron 
microscopy (SEM) and transmission electron microscopy (TEM), thermal gravimetric 
analysis (TGA), Fourier transform infrared (FTIR) spectroscopy, differential scanning 
calorimetry (DSC) and elemental analysis (EA). The electrochemical transport properties 
of the composite polymer electrolytes were determined by electrochemical impedance 
spectroscopy (EIS) and direct current (DC) polarization. 
 
The imaging contrast between SiO2 and the polymer was enhanced by staining the SiO2 
particles with lead, an electron rich element. Staining was carried out by coating a 
suspension of SiO2 particles with in-situ formed Pb, which adsorbed preferentially on the 
former. The ability to map particle morphology, distribution and connectivity should add 
to the understanding of ion transport in the composite electrolyte system. In this work the 
use of Si-phenyl modified and un-modified SiO2 particles did not result in any noticeable 
changes in the physical state of the particles and their distribution in the polymer. 
However, modified silica, due to the lack of surface OH groups, was unable to interact 
sufficiently strongly with the Li salt or the PEO chains. Consequently, the ionic 
 v
conductivity and the Li transference number of the modified system were lower than that 
of the un-modified system. 
 
The innate compatibility between the ceramic fillers and the polymer is often not good, 
which has significant consequences in the thermal, mechanical and electrochemical 
properties of the composites. This thesis work describes the design and preparation of 
SiO2 particles surface grafted with short poly (ethylene glycol) (PEG) segments of 
different molecular weights. The grafting led to a more effective dispersion of the SiO2 
nanoparticles in the polymer and a greater extent of amorphization of PEO. The 
anticipated improvements in surface morphology and electrochemical properties were 
experimentally confirmed for the modified system.  
 vi
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CHAPTER 1   INTRODUCTION 
 
Batteries are devices that transform chemical energy stored in a material into electricity.  
Batteries are not only a simple and convenient way to make electricity portable; they also 
provide energy independence from the utility grids for a variety of critical and sometimes 
emergency applications. While the first battery was demonstrated nearly 200 years ago, 
battery development continues on as a result of mankind’s insatiable need for higher and 
higher portable power. The past few years in particular have seen significant advances 
both in ‘traditional’ aqueous electrolyte-based batteries and in high energy density cells 
based on the lithium chemistry. The versatile lithium chemistry is a rich resource for 
constructing both primary (single-use) and secondary (rechargeable) batteries. Advanced 
batteries based on the lithium chemistry are of interest for the following reasons:   
1. High cell voltage: 3.6 V as compared to 1.3 V for conventional alkaline cells. 
Consequently, a lithium battery (an assembly of cells) can achieve a desired 
system voltage with fewer cells and, hence reduced system complexity and lower 
manufacturing and assembly costs.  
2. High specific energy and energy density: Lithium has a specific capacity of 
3860Ah/kg compared with 820Ah/kg for zinc and 260Ah/kg for lead.  The 
improvements in specific energy (watt-hours per kilogram) and energy density 
(watt-hours per liter) can enhance any application that uses rechargeable batteries 





3. Lithium is environmentally benign and if the battery electrolyte can be replaced 
by a polymeric material (solid polymer electrolyte) to eradicate the use of liquids, 
the battery can be constructed as an inherently safe system.  
4. Lithium batteries offer improved coulombic and energy efficiencies relative to 
those of the conventional systems and exhibit low self-discharge rates and nearly 






Figure 1.1 Lithium ion battery 
The most talked-about configuration of the lithium batteries is the rechargeable lithium-
ion battery which uses two insertion compounds to shuttle the lithium ions between the 
cathode and anode. No metallic lithium is used in the battery and the lithium ion 
concentration in the electrolyte is conserved at all times, which is a very desirable design 
consideration     
The major obstacle in using metallic lithium for rechargeable batteries is the poor 





reactivity of this very electronegative metal. The poor rechargability leads easily to 
dendrite formation on the lithium electrode, which may cause internal shorts resulting in 
fire and explosion hazards. A liquid-free design should theoretically eliminate these 
problems. This is the prime motivation behind the current research interests on solid 
electrolytes. 
Polymer electrolyte is a relatively latecomer to the broader field of solid state ionics. Fast 
ionic conductors with excellent transport properties and stability are mostly inorganic 
materials but they lack the flexibility of a polymeric material to be used as battery 
electrolyte cum electrode separator. Material flexibility is an important design 
consideration as a soft material can better accommodate the volume change in cell 
charging and discharging that a rigid electrolyte cannot. For this reason, it has been 
recognized as early as 1973 that thin film polymer based batteries would become a 
forerunner of all solid state electrochemical cells in the years to come (Armand, 1973).  
 
1.1   Objectives and Scope  
 
The objective of this thesis work is to study a particular class of polymer electrolytes for 
rechargeable lithium batteries: composite polymer electrolytes which are formulated by 
dissolving a lithium salt in a suitable polymer host, and with fine ceramic particles added 
as a filler. Poly (ethylene oxide) (PEO) is chosen as the polymer and nanoscale silica the 





components. The investigations will focus on two aspects in the preparation and 
characterization of the polymer composites: (1) to develop a simple (i.e. non-TEM based) 
procedure to visualize the nanoparticle distribution in the polymer, (2) to develop a 
surface functionalization procedure for the silica particles to improve their compatibility 
with the polymeric host in the composite material. The scientific issues involved with the 
ceramic addition, such as how the addition may alter the electrochemical transport 
properties of the polymer electrolyte, are examined as much as possible within the limits 
of our laboratory resources, and inferred from the obtained experimental results.  
 
1.2   Organization of Thesis 
 
Chapter 2 is a brief introduction to polymer electrolytes with particular emphasis on all-
solid state polymer ionics. The classification of polymer electrolytes and their historical 
developments, the preparation and major properties of polymer electrolytes, and the ion 
transport mechanisms in polymer electrolytes are discussed. The chapter closes with a 
section on some electrochemical methods of characterizations for the polymer 
electrolytes, which are used in this thesis study. 
   
In Chapter 3, a simple visualization method which enables the imaging of the distribution 
of ceramic fillers in composite polymer electrolytes by scanning electron microscopy 
(SEM), is presented. Solvent-free composite electrolytes based on poly (ethylene oxide) 





a heavy element (Pb) to enhance the imaging contrast between the particles and their 
surroundings. This technique is then used to investigate a different PEO-SiO2 system 
where the SiO2 particles have most of their surface OH groups replaced by Si-phenyl 
groups. While the two composite polymer electrolytes exhibit similar particle size and 
particle size distribution, they have remarkably different electrochemical properties, 
which can be understood in terms of the Lewis acid-base interactions between the various 
components of the composite polymer systems  
 
Chapter 4 describes a surface modification technique with the potential to improve the 
compatibility between SiO2 and PEO. The SiO2 surface is grafted with short and “fuzzy” 
poly (ethylene glycol) (PEG) chains with different molecular weights using the 
polyurethane chemistry. Phase compatibility between the inorganic filler and the polymer 
is confirmed by electron microcopy. The effects of this modification on the 
electrochemical transport properties are also investigated. 
 





CHAPTER 2   LITERATURE REVIEW 
 
2.1   Lithium Polymer Batteries  
 
Among the spectacular progress in recent battery technology, the most successful product 
is the rechargeable lithium (Li) ion battery which has reached an established commercial 
status with a production rate of several millions of units per month (Scrosati, 1995). 
 
The step forward for the Li based batteries will revisit the use of lithium metal as the 
anode, which has the merit of combining light weight with a very negative electrode 
potential to deliver high energy density. The major drawback of the Li electrode is the 
reactivity of the metal which is known to have significant adverse effects on the cycle life 
of the battery and operational safety. Basically, there are two principal methods to 
manage the safety issue, namely using an ‘intercalating anode’ and/or using a ‘solid 
polymer electrolyte’. All current designs of rechargeable lithium ion batteries are based 
on the use of an intercalating anode, which is a lithium metal substitute capable of the 
reversible storage of lithium ions in its lattice. Graphite is a good example. A cell is 
constructed by coupling the intercalation anode to a high voltage intercalation cathode 
(most typically a lithium transition metal oxide), and shuttling the Li ions between two 
electrodes. If the cell is properly constructed, there will be no lithium metal deposition on 
the anode and this greatly reduces the risk of malfunctioning and/or unexpected side 





compared to the theoretical capacity of the Li metal, since the intercalation anode comes 
with its own dead weight that is needed for the Li storage.  
  
The reactivity of Li in most liquid electrolytes can in principle be averted with the use of 
a solvent-free, ion-conducting all solid state membrane. A polymer based membrane is 
preferred because the flexibility of most polymeric materials will ensure good interfacial 
contacts between the electrodes and the electrolyte. A well known example of the 
polymer membranes is the complex formed by poly (ethylene oxide), PEO, and a lithium 
salt, e.g. LiCF3SO3 (Armand, 1989; Scrosati, 1997). The successful replacement of the 
liquid electrolyte by the “dry” solid polymer electrolyte will allow real rechargeable 
lithium metal batteries to be produced. Such lithium plastic batteries (LPB) can 
theoretically be made into any form factors based on well established manufacturing 
technologies of the plastic industry (Scrosati, 2001; Vincent and Scrosati, 2000). 
 
Lithium polymer batters (LPB) are presently viewed as the next generation power sources 
for the consumer electronic and electric vehicle markets. In principle there are no basic 
problems that prevent the development of these all solid LPBs. In reality, however, the 
PEO-based solid polymer electrolytes have not lived up to expectations because of a 
number of problems: 
 






2. A low lithium ion transference number, with implications for the kinetics of the 
electrochemical process and thus, for the rate capability of the battery; 
3. An ionic conductivity which becomes adequate only at temperatures above the 
ambient condition, with implications for the range of utilization of the battery. 
 
The following sections will provide a brief review of recent developments on polymer 
electrolytes for lithium battery applications. 
 
2.2   Polymer Electrolytes 
 
2.2.1   Background 
Progress to date in solid state ionics is largely the result of developments in two 
categories of materials: insertion compounds and fast ionic conductors. Polymer 
electrolytes represent the newest class of solid state ionic conductors. They contrast 
sharply with the usual solid ionic materials based on ceramics, glasses, or inorganic 
compounds with respect to the mode of charge transport (polymer electrolytes only 
conduct well above their glass transition temperatures) and the value of the ionic 
conductivity, which is of the order of 100 to 1000 times lower than for the inorganic 
materials. This drawback is compensated primarily by the greater flexibility of the 
polymeric materials   which allows polymer electrolytes to be made into very thin films 





better accommodate the volume changes in the cell during cycling without the physical 
degradation of interfacial contacts, which is often observed in crystalline or vitreous solid 
electrolytes. (Gray, 1991a) 
Although conductivity of the order of 10-4 S/cm may be obtained for a number of 
polymer electrolytes at various temperatures, this is not as high as may be desired. 
Polymer electrolytes therefore have to be configured as very thin, large-area elements, in 
order to keep the internal resistance of the cell within an acceptable range. A solid state 
polymer electrolyte (SPE) for battery applications must posses the following attributes: 
1. It is an ion (usually cation) carrier that can be fabricated as thin films to improve the 
energy density. 
2. It acts as an electrode spacer, which eliminates the need to incorporate an inert 
porous battery separator. 
3. It is a binder, which ensures good electrical contact with the electrodes at all times 
during charging and discharging.  
The substitution of conventional liquid electrolytes by a plastic material eradicates 
corrosion problems arising from the use of aggressive solvent systems that may attack the 
seals or the containers. A liquid-free configuration ensures no gas formation and low 
vapor pressure throughout the applications, and the battery can be packaged in low-
pressure containers. The cells can be fabricated into almost any shapes and sizes. The 
production of solid polymer electrolyte batteries is simplified by the elimination of the 
need for liquid handling. The manufacturing process can be highly automated and based 





2.2.2   Materials for Polymer Electrolytes 
 
Polymer electrolytes are solutions of salts dissociable in the polymer host. As polymer 
electrolytes must function as both a separator and an electrolyte in a solid-state 
configuration, it must posses a number of essential electrochemical characteristics as 
listed below:  
 
1. Conductivity: the electrolyte must have sufficient ionic conductivity to support a 
reasonable current density. 10-2-10-3 S/cm would be ideal at room temperature 
although a lower value may be acceptable. 
2. Electrochemical stability: the electrolyte should be electrochemically stable in a 
voltage window that is as wide as the voltage window defined by the electrode 
reactions (it should preferably be wider, to accommodate overcharge and discharge 
reactions). 
3. Compatibility: the polymer electrolyte must be chemically and electrochemically 
compatible with the electrode materials. 
4. Thermal stability: the electrolyte must have good thermal stability to maintain close 
contact with the electrode. 
5. Mechanical stability: mechanical stability becomes an important consideration when 
a polymer electrolyte moves from laboratory into process development, pilot 





6. Availability: the polymer electrolytes must be made from readily available and 
inexpensive raw materials. Exotic materials have many uses as model compounds 
but may be impractical at a production level. 
In order to perform satisfactorily as a solvent for the salt, the polymer host or the active 
part of the copolymer should have a minimum of the following three essential attributes: 
  
1. Atoms or groups of atoms with sufficient electron donor power to form coordinate 
bonds with cations. 
2. Low barriers to bond rotation so that segmental motion of the polymer chain can 
take place readily. 
3. A suitable distance between the coordinating centers because the formation of 
multiple intrapolymer ion bonds appears to be important. 
 
Although a number of macromolecules satisfy these criteria, none has shown any 
advantage over poly (ethylene oxide) (PEO), a linear polymer where the regularity of the 
-(CH2-CH2O)- units allows a high degree of crystallinity (70-85%).  The first solvent-free 
polymer electrolytes were based on high molecular weight PEO (Wright, 1975; Armand 
et al., 1978), which remains as the most common host polymer for the solvent-free 
systems of today. The range of salts that can dissolve in PEO is large; however, attention 
has focused principally on a small group of lithium and sodium salts that form polymer 
electrolytes of potential commercial interest. As commercial exploitation of these 
materials begins to materialize, the number of polymer-salt systems studies has increased 





The polyethers (-(CH2)mO-)n show remarkable variations in physical properties with 
increasing number of methylene repeat units. For instance, polyoxymethylene (m=1) and 
poly (ethylene oxide) (m=2) are homologues containing only one oxymethylene group 
difference, yet their structural difference—namely, polyoxymethylene’s tight helix 
containing nine chemical repeat units and five turns in the fiber period of 1.739 nm, 
versus that of PEO’s 7/2 helix or seven ethylene oxide repeat units with two turns in the 
fiber period of 1.93 nm—is largely significant. 
 
 







 Figure 2.1 PEO-Based polymer electrolytes 
 
The melting point of PEO is dependent on the average molecule weight and molecule 
weight distribution. Values ranging from 60 oC for molecule weight of 4000 to 66 oC for 
molecule weight of 100,000 are commonly quoted. In general, the melting point increases 
with molecule weight up to 6000 and then levels off at a value of about 65 oC (Stone and 
Stratta, 1967). The thermodynamic melting point of a perfect PEO crystal of infinite 





The theoretical density of PEO calculated from its unit cell dimensions is 1.33 gm/cm3 at 
20 oC.  Extrapolation of melt density data yields a density of 1.13 gm/cm3 at 20 oC for the 
amorphous phase. Actual measured densities vary between 1.15 gm/cm3 and 1.26 gm/cm3, 
implying the presence of voids in the polymer. The melt density increases with molecular 
weight up to 20,000 and remains constant thereafter. This is probably due to the dilution 
of bulky end groups, which pack less efficiently, as the molecular weight increases.  
 
The relationship between glass transition temperature (Tg) and molecular weight shows 
that a rapid rise in Tg to maximum value of -17 oC for molecular weight of 6000 (Read,  
1962; Faucher et al., 1966). This maximum can be explained in terms of the percentage 
of crystalline material present in PEO, which is highest at a molecular weight of about 
6000. Beyond this point, chain entanglements occur leading to a lower degree of 
crystallinity. For low molecular weight PEO, the decrease of molecule weight will result 
in an increased proportion of disordered materials and an increased free volume, 
introduced by the plasticizing effect of the chain ends, which are inevitably looser than 
along the main chains. Consequently, Tg will reduce with the decrease of the molecule 
weight for low molecule weight PEO. For high molecular weight PEO, the Tg value has 
been determined to be between -65 and -60 oC.  
 
PEO is compatible with a wide range of plasticizers, low molecular weight compounds, 
and other polymeric materials (Berger and Ivison, 1962). At room temperature PEO is 
completely miscible with water in all proportions. Aqueous phases range from solutions 





rheological properties, to non-tacky elastic gels at concentrations of around 20 %, and 
finally to tough materials in which the water acts as a plasticizer. PEO is also soluble at 
room temperature in a number of common organic solvents such as acetonitrile, 
dichoromethane, carbon tetrachloride, tetrahydrofuran, and benzene (Gray, 1991b).  
 
Phase diagrams have been established for a number of polymer electrolytes through 
information derived from thermal measurements, optical microscopy, nuclear magnetic 
resonance and X-ray diffraction studies. The knowledge of the microscopic structure and 
the morphology of polymer electrolyte systems that form crystalline phases is essential. 
There is no straightforward relationship between conductivity and, for example, volume 
fraction of co-existing phase and there are too many other factors simultaneously 
involved, including nature, concentration, and mobility of charge carriers. Phase 
diagrams, however, offer a level of explanation for the dependence of conductivity on 
concentration and temperature. As an illustrative example, the phase diagram of the PEO-
LiBF4 system will be briefly discussed.  
 
The skeleton phase diagrams for PEO-LiBF4, have been established by Munshi and 
Owens (Munshi and Owens, 1987). Zahurak et al. (Zahurak et al, 1988) have also 
constructed a similar diagram for the PEO-LiBF4 system and the combined data are 
shown in Figure 2.2.  A PEO-LiBF4 electrolyte was found to be multiphase, with the 
stoichiometry of the first intermediate compound 2.5:1. This was deduced from the heats 
of fusion of excess crystalline PEO. A second crystalline complex had an O:Li ratio 





Payne and Wright (Payne and Wright, 1982). The eutectic formed between PEO and 




Figure 2.2 Phase diagram for the PEO-LiBF4 system 







2.2.3   Transport Mechanisms in a Solvent-Free Polymer Electrolyte 
 
Ion mobility in plasticized polymer systems is largely governed by the low molecular 





a first approximation, be analogous to those found in the equivalent liquid solutions. For 
‘dry’ polymer electrolytes, the polymer itself is the solvent and while there are many 
similarities to the low molecular weight analogues, the major difference is that the 
polymer solvent is immobile (in a macroscopic sense).  
 
Static disorder arising from a disordered polymer host is prevalent in any polymer system, 
and ‘dry’ polymer electrolytes are no exception. Above the glass transition temperature, 
Tg, there is in addition dynamic disorder; that is, the local environment at any one point in 
the material undergoes substantial change with time as a result of the liquid-like motion 
of the polymer. The overall solid-state properties are imparted by chain entanglements 
and relatively slow relaxation times, which result in minimal long-range flow. It is 
therefore important to realize that ionic conduction at T>Tg takes place in a locally fluid 
environment. The system behaves basically like an extremely viscous fluid where fluid-
like behavior should dominate the transport process, although an ion-hopping mechanism, 
characteristic of solids, may also contribute to ion transport in polymer electrolytes (Gray, 
1997) 
 
Several models have been proposed to interpret the ion conduction process in polymer 
electrolytes. From a macroscopic point of view, it is well accepted that the variation of 
ionic conductivity, σ, with temperature for a fully amorphous polymer electrolyte can be 
more accurately represented by the Vogel-Tamman-Fulcher (VTF) (Vogel,1921; 













In the above VTF equation, T0 is the glass transition temperature of the polymer 
electrolyte as measured by differential scanning calorimetry (DSC), T is the temperature 
of measurement, A is the pre-exponential factor, and E is the activation energy derived 
either from the configurational entropy theory or the free-volume theory, and hence 
relates to the segmental motion of polymer chains (Ratner, 1987). The ionic conductivity 
σ is usually obtained from AC impedance measurements (Jacobs, 1989). 
 
The VTF equation can adequately describe the diffusion of uncharged molecules through 
disordered media such as fluids or polymers. In the case of polymer electrolytes, the ions 
are assumed to be transported by the semi-random motion of short polymer segments. 
Crank-shaft torsional motion around the C-C and C-O bonds would predominate above 
Tg.. The segmental motions are thought to promote ion mobility by making and breaking 
the coordination bonds between cation and polymer and providing free volume into 
which the ion can diffuse under the influence of an electric field. Figure 2.3 shows this 
type of motion schematically. Figure 2.3 (a) shows how a cation could move between 
coordinating sites on one chain and  Figure 2.3 (b) shows this motion between sites on 
neighboring chains, promoted by the segmental motion of the chain themselves. The 
model is very much an oversimplification of the real situation as it does not consider 
effects such as ion-ion interactions. Figure 2.3 (c) shows one example of how ion-
associated species may assist in the conduction mechanism. The extreme example 





conductivity in this case resulting from ions (anions or cations) moving from ionic cluster 
to ionic cluster. All these mechanisms are feasible and may depend to a large extent on 
the salt concentration in the matrix. Crystal structure determinations from powder X-ray 
diffraction data have now shown that cations in PEO-salt crystalline complexes are 
coordinated only by ether oxygens on the same chain. There is no interchain coordination. 
Although this describes only the stoichiometric crystalline complex and probably its melt, 
its does not necessarily follow that intrachain coordination (and, more importantly, 
intrachain ion transport) predominates at all salt concentrations. To date it has been 
assumed that it is the ability of ions to pass from chain to chain, aided by the polymer’s 
flexibility, which gives rise to the high ionic conductivities. The tight coordination 
between the alkali ions and the ether oxygens has been confirmed by Extended X-ray 
Absorption Fine Structure (EXAFS) (Catlow et al., 1983) and vibrational spectroscopic 

































Figure 2.3 Cation motion in a polymer electrolyte (a) Intrachain hopping; (b) Interchain 





In most PEO:LiX polymer electrolyte systems, the ionic conductivity shows a maximum 
at salt concentrations for EO:Li of 8 and decreases thereafter with increasing salt content. 
As ion transport is closely coupled to the segmental motion of the polymer chains, 
cations moving between coordinating sites must adopt a transient state where the cations 
are coordinated by both anions and polymer chains sites, before the motion of the 
polymer breaks one coordinating bond (Kumar and Lawrence, 2000). As salt 
concentration increases, the fall in conductivity is due to the introduction of an ever 
increasing number of these transient crosslinks in the system, which causes a reduction 
on the chain mobility, as is proven from Tg measurements and dielectric studies. 
 
In addition, the general validity of the VTF equation for temperatures much higher than 
Tg suggests that ion transport is related to a combination of motions of the ions 
themselves and to the dynamics of the host polymer segments (Chadwick et al., 1983; 
Watanabe et al., 1984). Thus, a Dynamic Bond Percolation Model (DBPM) was proposed 
in order to take into account of the polymer motions (Druger et al., 1983a; Druger et al., 
1983b). However, most of these models can be successfully applied only in amorphous 
and single-phase systems, and they cannot give satisfactory explanation of the ion 
transport behavior in complicated multi-phase systems such as composite polymer 
electrolytes.  
 
The Meyer- Neldel (MN) rule (or Compensation Law): 









is also applicable in the case of fast ionic polymer conductors. In the above equation, α 
and β are constants. TD is a characteristic temperature, K is the concentration term and ω0 
is the ion attempt frequency (Almond and West, 1986). The characteristic temperature TD 
is an indication for the order-disorder transition in the polymer electrolyte system, which 






E =  
 
This model shows that entropy is directly related to the activation energy and plays an 
important role in determining the ionic conductivity. Another model, the Effective Media 
Theory (EMT), relates the conductivity enhancement from the addition of an insulating 
phase (e.g. alumina) into an ionic conductor, to the existence of a space-charge region 
and/or adsorbed water at the electrolyte/filler interface. According to this model, some 
‘phase’ of enhanced conductivity must  be formed with the introduction of the insulating 
phase composite electrolyte consists of three phases with distinct electrical properties, 
namely, the ionic conductor matrix, the dispersed insulating grains and the highly 
conducting interface layer covered on the grain surface (Nan and Smith, 1991). 
 
In general the interpretation of the ionic conductivities of polymer electrolytes is 
complicated by polymer electrolyte systems containing more than one phase (e.g. 
composite polymer electrolytes). One has to be concern not only about the transport 





physical interaction between the phase and the resulting structure. Further difficulties 
have resulted from the action of slow phase equilibration processes. Particularly, phase 
distributions and compositions are highly dependent on factors such as method of 
preparation, impurities, and thermal history.  
 
2.3   Composite Polymer Electrolytes  
 
PEO-Based Composite Polymer Electrolytes 
 
It is commonly believed that for PEO-based electrolytes, fast ionic transport only takes 
place in the amorphous phase, in which the conductivity can be two to three orders of 
magnitude higher than in the crystalline ones (MacCallum and Vincent, 1987 and 1989; 
Berthier et al., 1983). 
 
Most of the efforts have therefore been directed toward the synthesis of PEO with a large 
and stable amorphous phase, and a low glass transition temperature in order to obtain a 
good flexibility of the polymer chains for ion transport. Modifications of the PEO-based 
electrolytes can be roughly divided into the following four major categories (Quartarone 
et al., 1998): 
 
1. Preparation of crosslinked polymer networks, random, block or comb-like 





Polymer networks were obtained by crosslinking glycols with isocyanates (Bouridah 
et al., 1985; Le Nest et al., 1988), by polyesterification between polyether triols and 
dicarboxylic acid chorides (Watanabe et al., 1986), by radical polymerization of 
partially unsaturated polyethers (Benrabah et al., 1992), by cationic polymerization 
(Andrei et al., 1990), and by epoxide polymerization (Peng et al., 1992). Triblock 
copolymers PPO-PEO-PPO were prepared by Cheradame and coworkers (Bouridah 
et al., 1985). (A-B-A)-type copolymers, where A is a styrene-butadiene-styrene 
copolymer, B is PEO, were synthesized by Vincent’s group (Giles et al., 1987; Gray 
et al., 1988).  
 
2. Use of doping salts which form low-temperature eutectics with pristine PEO 
(plasticizing salts). Organic salts such as Al(Si(CH3)2)Li and B(C=C)4Li  were used 
in the early days (Armand and Gauthier, 1989). More recently, 
Perfluorosulphonimides with the general formula LiN(CF3SO2)n (n=2-5) have 
received a lot of attention (Gauthier et al., 1989; Dominey et al., 1992; Scrosati, 
1993). 
 
3. Use of organic plasticizers to increase the flexibility of the host polymer chains. Low 
molecule weight polyglycols are some of the more common plasticizers. (Kelly et al., 
1984; Tsuchida et al., 1983; Wang et al., 1992; Paulkner and Kulkarni, 1992). 
Conductivities of the order of 10-4 S/cm at room temperature have been obtained in 
this way. On the other hand, plasticized systems generally display poor mechanical 





4. The addition of inorganic and/or organic additives, with the aim of reducing the 
crystallization tendency of the polyether host without compromising the mechanical 
properties of the system. These final products are generally called composite 
electrolytes. Although the concept of composite electrolytes was introduced in 1973 
by Liang using LiI-α-Al2O3 (Liang, 1973), the first work on polymer-based materials 
was published about 10 years later (Weston and Steele, 1982) where the primary 
objective was to improve the mechanical properties of the PEO films. The addition 
of 10 vol. % of α-Al2O3 to PEO-LiClO4 was found to result in a substantial 
improvement of the electrolyte mechanical stability, while it left the conductivity 
practically unchanged. On the other hand, it was already known at that time that the 
introduction of fillers into a polymer matrix would improve the mechanical stability 
of the host polymer and extend its temperature stability range (Paul and Newman, 
1978).  
 
The incorporation of about 10 wt. % of an inorganic filler to the polymer electrolyte 
would generally increase the ionic conductivity by about an order of magnitude. Room 
temperature conductivities of composite polymer electrolytes can range between 10-5 and 
10-2 S/cm. The highest conductivities of the order of 10-2 S/cm were reported in the case 
of composites based on the gel electrolytes and zeolites. Composite polymer electrolytes 
were also prepared by using porous hydrophobic fumed-silica as a medium to withhold 
the liquid electrolytes, and room temperature conductivities of the order 10-3 S/cm have 





true solid polymer electrolytes because a liquid component, while immobilized, is still 
being used. 
 
The presence of hydrophobic groups on the surface of the silica particles has been found 
advantageous in increasing the mechanical properties of the composite electrolytes. In 
addition, the presence of inorganic fillers in the electrolyte has been found to improve the 
stability of the electrolyte and also the interfacial stability towards the lithium metal 
electrode.  
 
The following section will review the “PEO-based composite electrolytes” in greater 
detail. The suggestion of Wieczorek (Wieczorek, 1995a) was used to make a subdivision 
between ‘mixed-phase’ and ‘blend-based’ composite electrolytes. Simply speaking, 
Mixed-phase systems are inhomogeneous mixtures of polymer and inorganic, or organic, 
additives not dissolved in a common solvent. Blend-based systems are obtained from 
homogeneous solutions of two (normally high molecular weight) components in an 
appropriate common solvent.  
 
2.3.1   Mixed-Phase Composite Electrolytes 
 
The first attempt to synthesize PEO-inorganic composite electrolytes was performed by 
Weston and Steele, using conducting ceramics (Weston and Steele, 1982). Stevens and 
Mellander (Stevens and Mellander, 1986) followed the same path and prepared PEO-





× 10-3 S/cm. In these systems, however, ion transport took place mainly in the 
conducting filler phase, and the overall conductivity was lower than that of the pristine 
inorganic ionic conductor because of the dilution effect of the host polymer. Similar 
results were also obtained by Skaarup and co-workers (Skaarup et al., 1988) for PEO-
Li3N-LiCF3SO3.  
 
Plocharski and Wieczorek synthesized the PEO-NaI-NASICON system (Plocharski and 
Wieczorek, 1988) where the conductivity was improved by at least an order of magnitude 
due to the addition of NASICON. However, the behavior of this system did not obey the 
percolation theory and the model of highly-conducting ceramic grains immersed in a 
polymer matrix. Their conclusions were that the conductivity increase was probably due 
to the enlargement of the polymer amorphous part. Chen also observed similar results 
from their PEO-NaSCN-γAl2O3 system (Chen, 1988).   
 
Many different composite electrolytes have since been prepared (Wieczorek et al., 1989; 
Plocharski et al., 1989; Wieczorek et al., 1991). Wieczorek and co-workers used SiO2, 
ionic glass and both crystalline and amorphous aluminas as the inorganic fillers, which 
consequently showed improvements in both the transport and mechanical properties of 
the electrolytes (Wieczorek et al., 1990). The increase in conductivity, compared with the 
corresponding un-filled electrolytes, was attributed to the enlargement of the total 
amorphous phase in the polymer matrix, and to some not well-understood interactions 






Scrosati and co-workers studied the γ-LiAlO2:(PEO)8:LiClO4 system (Capuano et al., 
1991) and observed improved mechanical properties, higher conductivities and enhanced 
interfacial stability with respect to the corresponding filler-free system. They also found a 
clear conductivity maximum at 10 wt. % of filler content, and concluded that the addition 
of fine ceramic powders enhances the polymer amorphicity, and hence the conductivity, 
by preventing the agglomeration of polymer chains. They noted that at high filler 
loadings, phase discontinuities and dilution effects would step in to lower the 
conductivity. Particle size, in addition to the filler content, appeared to be a critical factor. 
In fact, enhancements in conductivity were only possible if the particle size was smaller 
than 10 um. The Li ion transport numbers, tLi+, were found to be somewhat higher than 
the corresponding filler-free system.  
 
The electrochemical properties of (PEO)8-LiClO4 with LiAlO2 or zeolite fillers were also 
investigated by the same group (Scrosati and Croce, 1993; Croce and Scrosati, 1993). It 
was found that the filler moderated the formation of a passivation layer, which lowers the 
device performance. In a more recent companion study (Borghini et al., 1995) involving 
the PEO:LiN(CF3SO2): γ-LiAlO2 system, the authors found that the use of filler yielded a 
very low recrystallization rate and enhanced the interface stability and mechanical 
properties of the electrolyte.  
 






1. Fillers improve the mechanical properties of the electrolytes and, generally, their 
conductivity by enlarging the PEO amorphous phases; 
2. The interfacial stability is also substantially improved; 
3. There is no clear interaction among filers and the host polymer; 
4. Ion transport is based on polymer segmental motions and grain boundaries, and the 
conductivity may be explained by the coexistence of three phases with different 
electrical properties: A highly conductive layer covering the surface of a grain or 
particle additive, dispersed insulating grains or particles, and a polymer matrix ionic 
conductor (the EMT models). 
 
It has been shown that EMT models can be successfully applied to describe the 
dependence of the conductivity of composite polymer electrolytes. The effect of grain 
size distribution of the filler used can also be successfully analyzed on the basis of EMT 
approaches. The increase in conductivity with decrease in the grain size of the filler is 
predicted by this model. It has been confirmed that the increase in conductivity observed 
upon the addition of finely grained fillers is due to the formation of a flexible amorphous 
polymer phase at the interface of the polymer host and fillers dispersed. The conductivity 
of this phase is a function of the filler concentration. Initially, the increase in conductivity 
is presumably due to an increase in the number of carriers in the matrix. For a higher 
concentration of the salt, the build-up of charge carriers is offset by the retarding effect of 
ion aggregates such as ion pairs and ion triplet formation, which cause constrains in ionic 





value for the PEO-salt complex. This shows a balance between these two opposing forces, 
namely, increasing the number of charge-carrier ions and decreasing ionic mobility. 
 
The prevailing view is that both the structure and the surface chemistry of ceramic 
particles are important to determining the overall conductivity of the composite. 
Independent research efforts (Munichandraiah et al., 1993; Munichandraiah et al., 1994; 
Kumar et al., 1994a; Kumar et al., 1994b; Kumar and Scanlon, 1994) have confirmed that 
a ceramic phase in limited amounts augments conductivity, enhances the cationic 
transport numbers, and suppresses electrode-electrolyte interfacial reactions. The 
introduction of ceramic fillers leads to two opposing effects concerning the conductivity: 
Namely the enhancement of the amorphous phase, which increases the conductivity, and 
the increase in Tg, which should reduce the polymer chain-assisted ion motion and hence, 
decreases the overall conductivity. Further, the possibility of developing conductivity 
channels through the grain boundaries was also envisaged.  
 
The chemistry of the polymer-filler interface has been investigated by Matsuo and 
Kuwano (Matsuo and Kuwano, 1995), who added a surfactant (Lithium Dodecylsulphate, 
LDS) to nanometric SiO2 in the system PEO:LiCFSO3. they found conductivities as high 
as 5×10-5 S/cm at room temperature, and a maximum for Y=LDS/( SiO2+LDS)=13 wt. 
%, which roughly corresponded to the amount of LDS necessary for monolayer 
absorption on the surface of the SiO2 particles. They concluded that the conductivity 
enhancement was associated with the oriented absorption of the surfactant molecules on 





In summary, although it is well accepted that fillers generally improve mechanical 
properties, and significantly stabilize the electrode-electrolyte interfaces, the overall 
understanding of the mixed-phase electrolytes is still not satisfactory. Particle dimensions 
clearly influence the overall conductivity. At present, the level of interactions between 
fillers, host polymers and doping salts, particularly the difference between ion conducting 
and non-conducting ceramics, can only be understood qualitatively. More systematic 
work is definitely needed before such systems can be optimally designed for practical 
applications.  
 
2.3.2   Blend-Based Polymeric Electrolytes 
 
During the last decade, two other interesting approaches have emerged as strong 
alternatives to the mixed phase polymer composites: the synthesis of PEO-based flexible 
networks and the synthesis of composites using organic fillers.  
 
Some examples for the first approach include the anchorage of PEO chains as pendants to 
polyphosphazenes (Blonsky et al., 1984; Blonsky et al., 1986), cross-linking of polyether 
with phosphates (Giles and Greenhall, 1985), di-triisocyanates (Albisson et al., 1992; Le 
Nest et al., 1992) or polysiloxanes (Albisson et al., 1991). The interest in these backbones 
is their low Tg and their good thermal and oxidation stability.  
 
The second approach offers some relevant advantages such as the ease of preparation, a 





mechanical properties. Normally, high weight molecule weight PEO could be blended 
with many types of polymers, such as polystyrenes (Gray et al., 1986) or 
styrenebutadiene block copolymers, polymethacrylates (Such et al., 1990), polyacrylates 
and also polyacryloamides (Wieczorek et al., 1992; Giles et al., 1987). In some cases, the 
conductivity of the blend can reach 10-4 S/cm at room temperature, which is higher than 
the theoretical value for a salt-doped fully amorphous PEO phase (Wieczorek, 1995b).  
 
Although quantitative studies are not yet available, improvements in mechanical 
performance may be expected from the polymer blends. In spite of the considerable filler 
rigidity, the fillers did not appear to hinder the ionic transport or reduce the PEO chain 
flexibility (Stevens et al., 1995). Further, the introduction of a different polymer 
chemically compatible with PEO can eventually induce some graft co-polymerizations, 
which could suppress phase separations. This phenomenon is well evident when these 
blends are prepared via thermal polymerization.  
 
It should be pointed out that such blends are not easy to characterize, because the addition 
of a third polymer component to a multiphase electrolyte makes an overall highly 
complex structure (Wieczorek et al., 1995b). Polymer blends at the room temperature 
often contain two amorphous phases of different Tg and there is not much information 
available about the degree of miscibility. 
 
Preparation techniques can also strongly influence the conductivity of the PEO-based 





polymerization seem to offer better performances than the classic solvent casting, 
because any eventual interference of the solvent is removed.  
 
Some typical polymer additives used in PEO-based electrolytes are described below: 
 
Gray et al. (Gray et al., 1986) studied the effect of polystyrene and its co-polymers (Giles 
et al., 1987) on the structure and conductivity of PEO-LiCF3SO3 electrolytes. It was 
found that the addition of polystyrene increased the volume of the non-conducting phase 
by introducing tortuosities that led to microstructure formation, which finally resulted in 
limiting the free segmental motion of the PEO chains, leading to conductivity values 
lower than the pristine PEO-salt electrolytes. In the range of 30 to 40 wt. % of 
polystyrene, the conductivities were about 10-7 S/cm at room temperature. Above 40 wt. 
% composition, the conductivity fell dramatically. When the temperature was increased 
to 100 oC, the conductivity increased due to the removal of the tortuosities, 
rearrangement of the relative microstructures and higher flexibility polystyrene.  
 
Polymethylmethacrylate (PMMA) has been widely used in the modification of polymer 
chains such as EO-MMA co-polymerization to make hybrid films (Kobayashi et al., 
1985a; Kobayashi et al., 1985b; Kobayashi et al., 1986) or in the preparation of 
polymeric blends. Many investigations have been conducted on PPG or PEG-based 
electrolytes, blended with PMMA (Stevens et al., 1995; Wixwat et al., 1990; Mani et al., 
1993; Such et al., 1994; Morita et al., 1997). The incorporation of PMMA in the 





transparency and stability vs. moisture. Wieczorek et al. studied the structure and 
conductivities of blends of PEO and PMMA, doped with sodium and lithium salts. The 
electrolytes were prepared by two different ways, namely, solvent casting and thermal 
polymerization. The comparison between the above two revealed that the technique of 
preparation did have incisive effect on the electrochemical properties of the electrolytes 
(Such et al., 1990; Morita et al., 1997). Thermal polymerization would introduce a graft 
co-polymerization. When MMA units and high molecule weight PEO were thermally 
treated together, co-polymerization happened, leading to the grafting of MMA onto the 
PEO backbone. The co-polymer, function as an internal plasticizer, increased the 
flexibility and the free segmental motion of polyether amorphous phase and, 
consequently, an increase in the distances among the PEO chains and a reduction in the 
crosslinking effect of the cation were observed. The higher room temperature 
conductivity, compared with the solvent cast films, could be explained by the presence of 
a grafted-phase, which showed a lower Tg value in the whole explored temperature range. 
 
Polyacryloamides and polyacrylates have lower Tg values than PMMA, so the PEO-
blends with these polymers show a more marked chain flexibility, higher ionic transport 
and conductivity (Wieczorek et al., 1992). In addition, the polar side groups of 
polyacryloamide (PAAM) could contribute to increase the dielectric constant of the 
polymeric blends and salt dissociation because of the interactions between the two Lewis 






Other approaches have also been proposed to enhance the transport number for the 
lithium ion. Bannister et al. (Bannister et al., 1984) prepared blend PEO with lithium salts 
of anionic polymers, containing alkyl sulphonic acid or perfluoroalkyl carboxylic acid as 
the side groups. The immobilization of anions in the electrolytes would result in cations 
as the only charge carriers resulting in high transport number. Unfortunately, the 
conductivity was rather low, about 10-5 S/cm at 100 oC. 
 
2.4   Electrochemical Characterizations of Polymer Electrolytes 
 
Polymer electrolytes have to meet some functional requirements before they can be 
successfully deployed for battery application. For example, high ionic conductivity is 
needed to support a high power level (for the function as charge carrier); enough 
mechanical strength is necessary to maintain the electrode isolation (for the function as 
separator); and the polymer membranes have to effectively wet and adhere to the 
electrode material in order to obtain intimate electrochemical contact (for the function as 
binder). Thus, the electrochemical, mechanical and interfacial properties are the most 
important issues when developing a new polymer electrolyte. Some desirable 
electrochemical and mechanical properties are summarized in the following Tables 








Table 2.1 Desired electrochemical properties (Heitner, 2000) 
Parameter Property 
Ionic conductivity >1×10-3 S/cm 
Electrical breakdown strength > 5 V/µm 
Lithium ion transference number 0.3 to 0.8 
Electrochemical stability 5 V vs. lithium metal 
 
Table 2.2 Desired mechanical properties (Heitner, 2000) 
Parameter Property 
Tensile strength 2 Mpa  
Melting point > 250°C 
Glass transition temperature < -70°C 
Molecular weight ~ 1 × 105
 
It should be noticed that these electrochemical, mechanical and interfacial properties are 
all interrelated, and could influence each other. For instance, the mechanical strength not 
only assures the formation of freestanding thin films of polymer electrolytes, but also 
assures the chemical and electrochemical stability (through hindering the formation of 
dendrites and high resistance grain boundaries, or providing high melting point and low 
glass transition temperature). The interfacial properties would influence the formation 
and the properties of the passivation film between electrode and polymer electrolyte, 








At low frequencies, electrical conduction in solids occurs via the long-range migration of 
electronic (electrons or electron holes) or ionic charge carriers. Conduction by one or 
other type of charge carrier usually predominates in a material (Tonge and Shriver, 
1989a). The specific conductivity, σ, is the sum of the electronic, σel, and ionic, σion, 
conductivities:  
ionel σσσ +=  
Each type of conductivities is in turn dependent on the number of charge carriers, ni, 
charge, qi, and mobility, µi, of i as follows: 
∑= iiiqn µσ  
In polymer electrolytes where conduction is dominated by ions, σel is usually neglected. 
Therefore, the ionic conductivity of polymer electrolytes is given by: 
∑= iiiion qn µσ  
Two different methods can be used to determine the ionic conductivity of polymer 
electrolytes, based on direct current and alternative current measurements respectively. 
Direct current (D.C.) measurements represent the most straightforward method to 
measure the ionic conductivity of polymers. Although their use to date is significantly 
less than that of alternating current measurements, D.C. methods can still be of 










Figure 2.4 Schematic representations of DC measurements of ionic conductivity for 






There are two different methods for D.C. measurements, which are shown in Figure 2.4. 
The measurements are named as two-terminal (Figure 2.4a) and four-terminal (Figure 
2.4b) measurements, respectively. In the two-terminal method, the polymer electrolyte is 
sandwiched between two non-blocking electrodes (e.g. metallic lithium). Thus, a constant 
current will flow around the circuit and through the cell, on the application of a stable 
D.C. voltage. By measuring the applied potential, V, and the current through the cell, I, 
the resistance of the electrolyte, Rb may be calculated from: 
I
VRb =  






where l and A are the thickness and the area of the electrolyte, respectively. Although this 
method is very straightforward, it does not account for the interface between electrode 
and electrolyte. The current flow across the interfaces is controlled by the finite rate of 
the electrode reactions and thus a resistance to current flow, Re, due to interface, exists. 
Unfortunately, Re is not negligible in comparison with Rb in most cases; hence, the two-
terminal method cannot yield accurate Rb values. 
 
The four-terminal method (Figure 2.4b) was introduced to address the problem in two-
terminal measurements. Compared with the two-terminal method, two more electrodes 
are added, which purely act as voltage probes to measure the potential drop, V, across a 





through the cell. In this way, only negligible current passes through the voltage probes, 
thus eliminating the electrode resistances. In the four-terminal measurement, voltages are 
measured for a series of currents and a graph of V against I is plotted, which yields the 
bulk electrolyte resistance, Rb. However, four-terminal cells are more difficult to build 
than two-terminal ones, and reversible electrodes are often difficult to obtain. Due to 
these disadvantages, the conductivities are normally determined by alternating current 
(A.C.) rather than D.C. techniques. 
 
Unlike in D.C. measurements, a sinusoidal voltage is applied to the cell in an A.C. 
measurement. Thus, a sinusoidal current will be obtained as a result. The impedance, Z, 
of the cell, is therefore described by two parameters. One is the magnitude, which is 
equal to the ratio of the voltage and current maximum; the other is the phase difference 
between the voltage and current. Generally, both the magnitude and the phase angle of 
the impedance are frequency dependant. By measuring the impedance as a function of the 
frequency of the applied signal over a wide frequency range, one can extract useful 
information about the cell, including the bulk resistance, the capacitance and the 
characteristics of the electrode/electrolyte interface through modeling of the experimental 
data as an equivalent circuit. Such approach is of considerable value in electrochemistry.   
To measure the conductivity of the polymer electrolyte, a test cell with two blocking 
electrodes (e.g. stainless steel) is usually constructed. In such cells, the mobile species in 
the electrolyte are not involved in any electrode reaction. The ionic conductivity of the 
electrolyte-impregnated polymer membrane disc is calculated from σ = d/(Rb r2π), where 





disc. Rb is the bulk resistance of the polymer electrolyte obtained from complex 
impedance measurements as follows: a typical Nyquist plot of the experimental cell 
impedance is shown in Figure 2.6, which can be easily fitted to the equivalent circuit 
model in Figure 2.5 (Abaraham et al., 1997; Watanabe et al., 1985). 
 
In the model, Qg and Qe are capacitances arising from the cell geometry, and the 
electrode/electrolyte interface respectively. Rb and Re correspond to the bulk resistance of 
the electrolyte and the resistance of the electrode/electrolyte interface. It is widely 
accepted that the bulk electrolyte resistance Rb is estimated by the extrapolation of the 
interfacial impendance arc on the real axis (Z’ values) at the high frequency end of the 
spectrum (Abaraham et al., 1997; Watanabe et al., 1985).  
 
It should be noted that because of the complication and the variation of the real polymer 
electrolyte systems, careful study must be made in order to fit the impedance plots into 
suitable equivalent circuits, so that correct parameters could be extracted and interpreted.  


























Figure 2.5 Equivalent circuits to interpret complex impedance spectra  
 
where Cg is geometrical capacity, Rb is bulk resistance, Re is electrode/electrolyte 



















Figure 2.6 Typical complex impedance spectra for PEO-LiBF4 (EO:Li=8:1) polymer 








Ionic conductivity is always the first concern in the evaluation of a polymer electrolyte. 
However, conductivity measurements only provide information on the total transport of 
charges and do not differentiate between the current carried by cations and anions 
respectively even in fully dissociated systems. Transport or transference measurements, 
on the other hand, provide information on the mobility of different species within a 
polymer electrolyte. The mobility of lithium cations in a polymer electrolyte is important 
when they are used in rechargeable lithium or lithium ion batteries. It is an important 
parameter influencing the fast or deep discharge in these batteries. A low Li+ transference 
numbers can lead to poor material utilization (since very little Li+ are shuttled between 
the two electrodes) and results in low energy density and low cycling efficiency.   
 
It should be noted that transport number and transference number, both of which are used 
in polymer electrolyte studies, are different terms. While transport number and 
transference number both refer to the transport of charged species, the former refers to 
the proportion of the current carried by a specific species, whereas the latter refers to the 
proportion of the current carried by a constituent of the salt (Bruce and Gray, 1995). The 
sum of the transport numbers for all charged species is unity, and it is the same in the 
case of the transference numbers for all salt constituents. When a salt is dissociated fully 
into two simple species, the transport numbers are equal to the transference numbers. 
Since ion association is a common phenomenon in polymer electrolytes, the transference 





A variety of techniques has been used to measure the transference number. Generally, a 
gradient in electrical potential, chemical potential, radiotracer or nuclear spin is 
introduced to the polymer electrolyte systems and the response of the electrolyte as a 
function of time is recorded and analyzed. These techniques could be divided into three 
groups, which are listed in Table 2.3. 
 
Table 2.3 Methods for measurements of transference number 
I II III 
Radiotracer Studies Hittorf/Tubandt Method AC Impedance 
Pulsed Field Gradient NMR Concentration Cell  DC Polarization 
Cottrell Cell in Force Fields  
 
 
The techniques from group I are based on the determination of the ionic diffusion 
coefficients, involving measurements of the fluxes of charged and neutral species.  
 
The methods from group II, on the other hand, are based on the measurement of the 
composition or mass variation of the electrolyte in the regions near the two electrodes, 
caused by the passage of a measured quantity of charge through the cell.  
 
The techniques from group III are by far the most commonly used. For those techniques, 
a potential gradient is applied to a cell having reversible electrodes, e.g. Li/polymer 





spectrum (for AC measurements) is recorded and analyzed. In the DC method, the 
current will drop after the constant voltage is introduced and eventually reaches a limiting 
value. The ratio of the steady state current and the instantaneous current could yield t+ 
after taking into consideration the effects of double layer capacitance and interfacial 
resistance (Tonge, 1989b). In the AC method, a skewed semicircle will be observed in 
the impedance spectrum at the lowest frequency region. For fully dissociated electrolytes, 








where Zd is the width of the skewed semicircle, Rb is the bulk resistance of the electrolyte. 
 
A combination of electrochemical and spectroscopic measurements indicates that ion 
association is a common phenomenon in polymer electrolytes. In addition, the quality of 
the measurements is highly variable. As a result, techniques aimed at determining 
transport or transference numbers do not all yield similar results. However, by using 
several different methods to measure the transference numbers, useful information could 
be obtained on the nature of ion associations in polymer electrolytes. 
 
The lithium transference numbers in the thesis work were obtained by combining 
electrochemical impedance spectroscopy (EIS) measurement with dc polarization (Cho 
and Liu, 1997; Evans et al., 1987). The initial interfacial resistance (Ro) of the cell was 
first determined by AC impedance measurements. A 10 mV dc polarization (∆V) was 





measured as function of time until a steady-state current (Is) was obtained. Then, the 
steady-state interfacial resistance (Rs) was again measured by EIS. Finally, the 












CHAPTER 3   Visualization of Particle Distribution in 
Composite Polymer Electrolyte Systems 
 
3.1   Introduction  
 
Polymer electrolytes are solid solutions of organic or inorganic salts in polymers where 
the segmental motion of the polymer chains is the primary driving force for ion 
conduction [Gray, 1991a; Gauthier et al., 1989]. Among the polymer electrolytes of 
practical interest, the PEO-Li system is most promising for applications in rechargeable 
Li batteries. PEO excels as a polymer host because of its commercial availability, its high 
solvating power for the lithium ions and its compatibility with the lithium electrode.  
However, the ionic conductivity of PEO-based electrolytes at room temperature (σ <10-7 
S/cm at 25oC) is too low to be useful [Gray, 1991a; Gauthier et al., 1989]. The ionic 
conductivity has been enhanced by various means [Bouridah et al., 1985; Le Nest et al., 
1988; Watanabe et al., 1986; Benrabah et al., 1992; Andrei et al., 1990; Peng et al., 1992; 
Giles et al., 1987; Gray et al., 1988; Armand and Gauthier, 1989; Armand, 1987; 
Dominey et al., 1992; Kelly et al., 1984; Tsuchida et al., 1983; Wang et al., 1992; 
Paulkner and Kulkarni, 1992], but one of the most promising methods is to add fine 
ceramic fillers such as TiO2, SiO2, Al2O3, ZrO2 to the polymer [Croce et al., 1998; Croce 
et al., 1999; Scrosati et al., 2000; Croce et al., 2001; Wieczorek et al., 1996a; Capiglia et 
al., 1999; Walls et al., 2000; Chung et al., 2001; Kumar and Scanlon, 1999]. The 





amorphitization of PEO; (2) the Lewis acid-base interactions between the ceramic fillers, 
the PEO chains, and the counter ions that result in greater ionization of the lithium salt in 
PEO and the faster transport of lithium ions through the electrolyte [Croce et al., 2001; 
Capuano et al., 1991; Croce and Scrosati, 1993; Wieczorek et al., 1995b]. The effects of 
particle size and the nature of the ceramic filler on the properties of the composite 
electrolytes have also been reported [Capiglia et al, 1999; Walls et al., 2000; Krawiec et 
al., 1995; Fan et al., 1998; Matsuo and Kuwano, 1995].   
 
Despite the above studies, there is no simple method for visualizing the particle 
morphology and the state of particle dispersion in the polymer electrolytes. The use of 
compositional imaging by backscattered electrons in a scanning electron microscope 
reported by others [Ging-Ho Hsiue et al., 2000] has only met with limited success. In this 
work SiO2 particles were stained by lead to enhance the imaging contrast between the 
ceramic particles and their surroundings when examined by scanning electron 
microscopy. Two types of SiO2 particles were used, namely, commercial SiO2 particles 
and SiO2 particles which had been modified to remove most of the surface OH groups. 
The modified SiO2 is expected to replicate almost all aspects of the SiO2 functionalities 
except Lewis acid-base interactions.  The particle size was not altered by the surface 
modification and if the Pb staining technique of microscopic examination indicates nearly 
similar particle distribution in PEO, then the difference in electrochemical transport 
properties between the two composite polymer electrolyte systems could only arise from 
Lewis acid-base interactions. The experimental results could then be used to deduce the 





and impurity getters) and electronic effects (Lewis acid-base interactions) of SiO2 
addition. 
 
3.2   Experimental 
 
3.2.1   Materials 
 
 
Poly (ethylene oxide) (PEO, MW = 900,000), high surface area SiO2 (390 m2 g-1, particle 
size = 7nm), triethylamine (Et3N), LiBF4, Pb(NO3)2, tetrahydrofuran (THF), and NaBH4 
were supplied by Aldrich and used without further purification. Acetonitrile (gradient 
grade) from Merck was used as the solvent in casting polymer electrolyte membranes. 
Toluene (99.9%) was supplied by Baker. Phenyltrimethoxysilane (PMOS, 97%) from 
Fluka was used as the silanization agent to remove the surface OH groups on SiO2.  
 
3.2.2   Modification of SiO2
 
The OH groups on the SiO2 surface were reactive in silanization reactions and could be 
removed as such. In a typical experiment, 500 mg of SiO2 and 1 ml PMOS were 
dispersed in 50 ml toluene together with 0.15 ml Et3N added as catalyst. The resulting 
mixture was stirred at room temperature under argon atmosphere for 24h. SiO2 was 
recovered as moist slurry after centrifuging the mixture at 15,000 rpm for 15 minutes. 





in order to remove excess PMOS. The slurry was dried to a powder in vacuum at 60oC 
for 72h, and stored in a M Braun glove-box where the moisture and oxygen contents were 
below 1 ppm each. Un-treated SiO2 was also dried in vacuum and stored in the glove box 
for comparative studies.  
 
3.2.3   Characterizations of Modified SiO2 Powders 
 
The modified-SiO2 particles were characterized by Fourier-transform infrared 
spectroscopy (FT-IR), thermogravimetry analysis (TGA) and elemental analysis. FT-IR 
spectra were obtained on a Bio-Rad FTS 135 spectrometer.  Each spectrum was the result 
of 16 scans in the range of 400-4000 cm-1 sampled at 8 cm-1 resolution. 
Thermogravimetry analysis of samples was carried out using a TA Instruments TGA 
2090 analyzer with temperature ramping from room temperature to 800°C at the rate of 
10°C/min.  A PE 2400 Series II CHN analyzer from Perkin Elmer was used to determine 
the carbon and hydrogen contents in the samples by a combustion method. 
 
3.2.4   Preparation of Composite Electrolyte Membranes 
 
The following procedures were carried out in the M Braun recirculating Ar glove box. 
Calculated amounts of PEO, LiBF4 and SiO2 (or modified SiO2) were dissolved and 
dispersed in acetonitrile at 40°C and stirred continuously for 12 hours to obtain a 





The solution was cast onto a flat polytetrafluoroethylene (PTFE) petri dish and covered. 
The solvent was allowed to evaporate slowly and the membrane obtained was dried at 40 
oC for 2 to 3 days until a constant weight was reached. Homogeneous and mechanically 
stable membranes with thickness in the range of 60-80 µm could be obtained this way. 
 
3.2.5   Visualization of SiO2 Particles in the Polymer Electrolyte Membranes 
 
In this work, an attempt was made to visualize the size, the morphology and the 
distribution of SiO2 particles in the polymer electrolyte by staining the particles with Pb, 
a heavy element rich in electrons, to interact with the incident analytical electron beam to 
enhance the imaging contrast between SiO2 and the polymer.  The following staining 
procedure was used. 500 mg SiO2 and 39.96 mg Pb(NO3)2 were ultrasonically dispersed 
in 20 ml distilled water for several hours to obtain a homogeneous suspension. Excess 
NaBH4 solution was slowly introduced to the mixture to reduce Pb(II) to Pb(0). The 
precipitated lead was preferentially adsorbed by the suspending ceramic particles because 
of their large surface area. The loading of lead in SiO2 according to Energy Dispersive X-
ray Detector (EDX) measurements was about 4 wt. %. The lead-stained SiO2 was 
recovered; repeatedly washed by water and then by THF, dried in vacuum for 72h, and 
finally transfer to the M Braun glove box. A small amount of the homogeneous 
composite electrolyte solution containing the lead-stained SiO2 particles was dropped 
onto a SEM or TEM copper grid. The grid was attached to a spin-coating machine (Cost 
Effective Equipment-Model 100) and spun at 2000-2500 rpm for 30 to 60 seconds to 





with a layer of Platinum to reduce the electrostatic charging of non-conducting samples. 
Before TEM imaging, a thin film of amorphous carbon was deposited on the sample for 
further protection and stabilization during the electron beam exposure. A JSM-5600LV 
scanning electron microscope (SEM) operating at 15 kV, and a JEM-2010 transmission 
electron microscope operating at 200 kV were used for the SEM and TEM 
characterizations of morphology and microstructures. 
 
3.2.6   Measurements of Electrochemical Properties 
 
Electrochemical measurements were carried out using blocking SS/composite 
electrolyte/SS cells where SS was stainless steel. An Eco Chemie PGSTAT 30 
potentiostat/galvanostat equipped with a frequency response analyzer module was used to 
obtain the sample electrochemical impedance response between 30oC and 90oC.  Ionic 
conductivity was calculated from the impedance response using a widely accepted 
equivalent circuit model and extracting the bulk resistance of the electrolyte from the 
high frequency response [Abraham et al., 1997; Watanabe et al., 1985; Boukamp, 1986].  
 
For the measurement of Li+ transference numbers, lithium metal was used for both 
electrodes to constitute a symmetric test cell with the configuration of Li/electrolyte/Li. 
The electrochemical impedance was first measured before a d.c. bias of 10 mV was 
applied to the cell. The current response of the cell was monitored over time until a 





complete the procedure.  The data were then analyzed by the Evan’s method [Evans et al., 
1987]. 
 
3.3   Results and Discussion 
3.3.1   Characterizations of Modified SiO2
 
Ceramic particles, such as SiO2, Al2O3 and TiO2, had been used as polymer fillers in 
order to obtain composite materials with enhanced (mechanical, thermal, electrical and 
magnetic) properties. It had been shown [Tsubokawa and Kogure, 1991; Abboud et al., 
1997] that the surface modification of these particles could improve the compatibility and 
adhesion between the ceramic particles and the polymer matrix.  
 
The surface OH groups of commercial SiO2 could be removed by the following 








































Figure 3.1 FT-IR spectra of (a) pristine SiO2, (b) PMOS-modified SiO2 and (c) PMOS 
 
FT-IR provided the evidence of successful displacement of the surface OH groups on 
SiO2. The transmission IR spectra of pristine SiO2, modified SiO2 and PMOS in the 
wavenumber range of 500-4000cm-1 were shown in Figure 3.1. The strong infrared 
absorption broad band with absorption maximum at 3435.92 cm-1 was used to finger print 
the presence of OH groups on the silica surface. Absorption in this spectral region was 
greatly reduced after the PMOS modification. In addition, peaks began to appear at 
1431.99 (stretching vibration of Si-Phenyl), 741.78 and 698.32 cm-1 (out-of-plane C-H 





PMOS [Pouchert, 1997]. The sharp decrease in the OH intensity after the PMOS 
modification could be attributed to the reactions between the OH groups of SiO2 and 
PMOS. It is unlikely that all the OCH3 groups had reacted because there was still 
absorption at 2944.8 and 2844.5 cm-1 generally associated with the asymmetric and 
symmetric CH stretching of Si-OCH3 [Millar et al., 1991].  
 
Table 3.1 Elemental analysis of SiO2 before and after PMOS modification 
 
 Carbon (%) Hydrogen (%) 
Before modification 0.71 0.71 
After modification 17.48% 1.71 
 
These observations, when analyzed collectively, confirmed that the silanization reaction 
had successfully displaced most of the OH groups on the SiO2 surface and replaced them 
with the Si-phenyl groups.  
 
Elemental analysis by CHN and TGA were used to estimate the extent of OH 
displacement. Based on the results in Table 3.1, the amount of carbon in the untreated 
SiO2 was negligible. After silanization the carbon content in SiO2 was increased to 17.48 
wt. %. The C:H atomic ratio agrees well with the ratio for a phenyl group. The grafting 
density was estimated to be 18.7 wt. % based on these data. The extent of surface 
modification could also be deduced from the weight loss after the organic moieties in 
























Figure 3.2 TGA curves for (a) pristine and (b) modified SiO2. 
 
Figure 3.2 (a) and (b) were the TGA curves for untreated and modified SiO2, respectively. 
For the former, the 3 % weight loss between 30 and 250oC could be attributed to the 
desorption of physisorbed water. At higher temperatures, the OH groups on the surface 
began to decompose and accounted for the further weight loss of about 2 % in the 
temperature range of 250 to 800oC. In the case of modified SiO2, the weight loss between 
30 and 250oC could likewise be attributed to water removal. The weight loss between 250 
and 800oC was significantly higher at 17.7 wt. %, as expected from the thermal 





analysis results, and indicated that almost all of the surface OH groups had been replaced 
by Si-phenyl groups.  
 
3.3.2  Visualization of the SiO2 Particles in Composite Polymer Electrolyte 
Membranes 
 
It was well known that PEO-based composite electrolytes had multiphase features when 
they were prepared by film casting and the compatibility between the polymer and the 
ceramic fillers had great influence on the (thermal, mechanical and optical) properties of 
the polymer electrolytes. Normally, three to four phases co-existed in the PEO-based 
electrolytes, namely, the crystalline PEO phase, the crystalline PEO-lithium salt complex 
phase, the amorphous PEO phase and the ceramic phase. SEM was often used to assess 
the compatibility between the various phases through the detection of phase separations 
and interfaces [Ging-Ho Hsiue et al., 2000; Chu and Reddy, 2003; Wen et al., 2002; Fan 
et al., 2002; Chu et al., 2003; Mitra and Kulkarni, 2002]. Although the size of the ceramic 
fillers could be on the nanoscale level (10nm), it was prudent to investigate whether the 
ceramic fillers remain as separate primary particles, or was coagulated by the processes 
involved in the fabrication of composite polymer electrolytes. There had been very few 
reports of the size and the morphology of the particles after dispersal in the polymer 
electrolytes. 
 
Generally the distribution of silica particles in PEO was difficult to visualize by SEM 





electrons upon incidence by the analytical electron beam. In this work the silica particles 
were stained by a heavy element (Pb) to increase the number of electrons that could 
interact with the incident electron beam, and hence would improve the contrast between 





























Figure 3.3 SEM images of for (a) PEO with unstained pristine SiO2 (b) PEO with stained 

























Figure 3.4 TEM images of for (a) PEO with unstained pristine SiO2 (b) PEO with stained 














An electron micrograph of unstained SiO2 in PEO (Figure 3.3(a)) was provided here as 
the control. The enhancement of the contrast of the micrograph after silica stained by lead 
was demonstrated in Figure 3.3 (b) and (c). It was interesting to note that both the particle 
size and particle size distribution of untreated and modified SiO2 in PEO were quite 
similar. This indicated that the silanization modification had not caused any compatibility 
issue between the ceramic fillers and the polymer. 
 
TEM may also be used if the membrane sample was thin enough, to allow the passage of 
electrons. From the TEM images in Figure 3.4, it was apparent that the silica particles, 
with or without modification, had agglomerated to form a loose open network structure 
much greater than the 7nm primary particles. 
 
Lewis acid-base interactions [Croce et al., 2001; Wieczorek et al., 1996a; Chung et al., 
2001] had been used to rationalize the benefit of ceramic particle addition to polymer 
electrolytes. It was assumed that the surface groups of the ceramic fillers serve as cross-
linking centers for PEO segments, which thereby lowered the tendency for PEO 
reorganization and promoted the structural modifications to the polymer. Facilitated 
conduction pathways (‘effective media’ [Przyluski et al., 1995; Wieczorek et al., 1996b]) 
were, therefore, established for lithium ions close to the particle surface. The formation of 
complexes between the ceramic particles and the electrolyte ionic species also led to 
greater lithium salt dissociation. These complexes are unlikely to contribute to the 
increase in conductivity because of their relatively large mass. The local diffusion within 





by the higher experimental values of Li+ transference numbers relative to the ceramic-
free electrolytes [Chung et al., 2001]. The networked particles shown by the TEM could 
also be seen as a connected effective medium further facilitating the Li ion transport. The 
honeycomb-like ceramic particles not only provided a larger surface to form numerous 
ion-ceramic complexes but also the volume needed to accommodate the PEO that had 
permeated into the ceramic particles, so as to supply additional conduction channels for 
the transport of lithium ions [Boukamp, 1986; Miyamot and Shibayama, 1973].  
 
The ability to map particle morphology, distribution and connectivity could add to the 
understanding of ion transport in a composite electrolyte system. In this work, the 
addition of modified or un-modified SiO2 particles had not resulted in any noticeable 
changes to the physical state the particles and their distribution in the polymer. However, 
modified silica, due to the lack of surface OH groups, was unable to interact with the Li 
salt or the PEO chains chemically. Its main, and perhaps the sole, functionality was to 
serve as an inert filler, which inhibited the crystallization of the polymer. Pristine SiO2 
particles, on the other hand, were chemically active, and might influence salt dissociation 
and the transport of Li+ through the polymer via Lewis acid-base interactions. The 
difference in electrochemical properties between the two composite electrolyte systems, 
if any, could then be attributed to the Lewis acid-base interactions since the two systems 







3.3.3   Electrochemical Properties of the Composite Polymer Electrolytes 
 
For conductivity measurements using two blocking electrodes, the following equation 





In the equation d and r were the thickness and the radius of the sample membrane discs, 
and Rb was the bulk resistance of the composite electrolyte obtained from complex 
impedance measurements. It was widely accepted that Rb could be obtained from the 
intercept on the real axis at the high frequency end of the Nyqisut plot of complex 











































The difference between the temperature dependence of ionic conductivity of SiO2 and 
modified-SiO2 composite polymer electrolytes, as shown in Figure 3.5, was within our 
expectation. The increased in ionic conductivity with temperature up to the melting point 
of PEO was a well-understood phenomenon. For unmodified SiO2, the interactions 
between the hydroxyl groups on the silica surface and the ether oxygen atoms of the 
polymer chains would weak the co-ordination bonds in the ether O:Li complex, and result 
in higher Li+ ion mobility. The same Lewis acid-base interactions also amorphitizied the 
polymer locally around the ceramic particles, which created more effective conduction 
pathways for the lithium ions. This could be clearly seen in Figure 3.6 at temperatures 
below the melting point (about 68 oC). The polymer was crystalline and hence the 
conductivity of the ceramic-free polymer electrolyte was lower than that doped with the 
ceramic particles. In the temperature range of 30 to 60 oC, conductivity was higher with 
unmodified SiO2 because of the above-mentioned Lewis acid-base interactions. As the 
density of OH groups was lower in the modified system, the Lewis acid-base interactions 
were moderated accordingly. This effect was also seen above the PEO melting point, 



































Figure 3.6 Temperature-dependence of ionic conductivity between 60o C and 90o C 
 
The surface OH groups also interacted with BF4- anions to form hydrogen bonds of the 
type F~H-O, which hindered the movement of the anions. For the modified-SiO2 system, 
the interaction would be reduced because of the lower density of hydroxyl groups on the 
surface. Additionally, the phenyl groups introduced by silanization could impose steric 
hindrance to impede ion transport. This was most easily seen in expanding the high 
temperature region (60-90o C) of Figure 3.6. While the polymer in this temperature region 
was completely amorphous, the ionic conductivity in the composite electrolyte was still 





amorphitization of the polymer. On the other hand there was a decrease in ionic 
conductivity with temperature when modified SiO2 was used.  
 
This could be explained as follows. The modified SiO2 particles carried phenyl (-Ph) 
groups besides OH groups at their surface. As the phenyl group was immiscible with the 
ethylene oxide unit because of their rather different solubility parameters, there would be 
phase separation gaps in the vicinities of the modified SiO2 particles especially at low 
temperatures. It was likely that such gaps facilitated, to a certain extent, the migration of 
Li ions because the PEO segments exposed to the gap could gain a higher degree of 
freedom. Li conductivity was therefore, boosted through creeping at these boundary 
segments. With increasing temperatures, the gap shrank steadily because of improved 
miscibility between the two moieties. At the moment when the gap disappeared the 
physical entanglement between polymer chains and the bulky-Si (Ph) groups would 
impede the segmental motions (rotations along a variety of axes) of PEO chains, and this 
interfacial effect would be passed on to the bulk phase of PEO, dragging down their 
mobility.  Hence the transport of Li ions was severely decreased.  
 
The lithium transference numbers in the SiO2 and modified-SiO2 systems were also 
measured to determine the relative contributions of cations and anions to the overall 
conductivity. The transference numbers were calculated by the method of Evans et al 
[Evans et al., 1987]. The decrease in current from t = 0 to the steady state after the 
potential of the symmetric test cell was stepped up was the result of two concurrent 





thickness; (2) the establishment of a concentration gradient in the electrolyte which 
affected the motion of the ions. The following equation was used to calculate the transfer 









∆V was the value of the applied d.c. bias (10mV), R0 and Rs were the initial and steady 
state resistances of the passivation layer obtained from complex impedance 
measurements, and I0 and Is were the initial and steady-state currents. The calculated 
transference numbers were given in Table 3.2.  
 




Sample Li Transference number T+
10%SiO2-PEO 0.24-0.26 
10% Modified-SiO2-PEO 0.15-0.20 
 
The Li transference number in the composite electrolytes was an indication of the 
cationic mobility, which was influenced by the interactions between lithium ions, anions, 
ether oxygen atoms and the surface groups of the ceramic particles. The hydrogen 
bonding between the hydroxyl groups of the ceramic particles and the BF4- anions or the 
ether oxygen atoms of PEO was expected to constraint the movement of BF4- anions, 
even though such interactions might be relatively weak and subtle. The competition 





PEO, on the other hand, should promote lithium ion transport [Croce et al., 1998; Chung 
et al., 2001]. These mechanisms, considered collectively, predicted a higher Li 
transference number for systems with high OH densities. For the modified SiO2 system 
where the particles contributed primarily to the amorphitization of the polymer without 
the abovementioned acid-based interactions, the Li transfer number would be lower even 
though the ionic conductivity could still be higher than a ceramic-free system. 
 
For the pristine SiO2-PEO systems, the transference number was calculated to be 0.25. 
The transference number for modified-SiO2-PEO systems was lower, at 0.18. These 
numbers fall within the range common for PEO-based polymer electrolytes (T+ = 0.1-0.3 
approximately) [Appetecchi et al., 1996]. The higher transference number of the former, 
together with the observed higher ionic conductivity, were indications of increased salt 
dissociation and increased lithium ion mobility in the polymer attributable to the Lewis 
acid-base interactions between the surface OH groups, the oxygen on the PEO, and BF4-. 
The low Li+ transference number and low ionic conductivity in the modified-SiO2-PEO 
system could be categorically be assigned to the lack of such interactions.  
 
3.4   Conclusions 
 
The agglomeration and distribution of ceramic particles in composite electrolytes could 
be visualized by staining the particles with a heavy element to increase the contrast 
between the particles and their surroundings in scanning electron microscopy. This 





polymer electrolyte systems based on PEO, LiBF4 and SiO2. In one of the systems, the 
OH groups on the SiO2 filler were replaced by inactive phenyl groups in a silanization 
reaction with the purpose of reducing the Lewis acid-base interactions between the 
ceramic particles, the polymer host, and the Li salt. The two types of SiO2 particles had 
similar morphology and dispersion in the polymer, and were expected to amorphitize the 
polymer to the same extent. Measurements of electrochemical transport properties 
showed that the ionic conductivity was higher in SiO2-PEO than in modified-SiO2-PEO. 
The ranking of the Li transference number followed the same order. While the difference 
might be unambiguously attributed to the dissimilarity in ceramic surface groups 
affecting the Lewis acid-base interactions in the composite electrolytes, the decrease in 
conductivity with temperature for the modified SiO2-PEO system between 60 and 90oC 
could only be speculated as one arising from the steric hindrance of the phenyl groups on 










CHAPTER 4   Li+ Conducting PEO-“Fuzzy” SiO2 Composite 
polymer Electrolytes 
 
4.1   Introduction 
 
Poly (ethylene) oxide (PEO) is a semi-crystalline polymer at room temperature capable 
of ion conduction mostly in the amorphous regions (Berthier et al., 1983). Polymer 
electrolytes based on PEO alone often have inadequate room temperature conductivity in 
spite of the high solvating power of the polymer for lithium ions. Composite electrolytes 
based on PEO and fine ceramic particles are therefore used to improve the application 
performance of PEO electrolytes in rechargeable lithium batteries (Gray, 1991a; Gauthier 
et al., 1989). Various ceramic filler materials have been used, most notably TiO2, SiO2, 
Al2O3, and ZrO2 (Croce et al., 1998; Croce et al., 1999; Scrosati et al., 2000; Croce et al., 
2001; Wieczorek et al., 1996a; Capiglia et al., 1999; Walls et al., 2000; Chung et al., 
2001; Kumar and Scanlon, 1999), which also provide added benefits such as improved 
mechanical and interfacial properties. The presence of small inorganic particles in the 
polymer disrupts polymer crystallization, and lowers the glass transition temperature of 
the polymer to maintain liquid-like characteristics at the microscopic level. 
Improvements in both ionic conductivity and mechanical properties have been shown 
and attributed to the enlargement of the amorphous domains in the PEO matrix. PEO and 





compatibility, and to achieve favorable structural adjustments in PEO otherwise not 
possible with mechanical blending of the two pristine constituents. For example, short 
PEO oligomers can be grafted onto inorganic scaffolds (Mary Anne Mehta et al., 2000; 
Fan et al., 1998) or rigid macromolecules such as poly(p-phenylene)s (PPP) to form 
“hairy-rod” polymer structures (Marchese et al., 1992; Lauter et al., 1997).  
 
The innate compatibility between the ceramic fillers and polymer is often not good, 
which has significant consequences in the thermal, mechanical and electrochemical 
properties of the composites. It is reasonable to assume that there will be phase 
separation gaps in the vicinities of the ceramic fillers due to the immiscibility of these 
rigid particles with the ethylene oxide units. Shrinkage would normally occur, a 
continuous network is not formed as a result and the mechanical properties of the 
composites are compromised. Hence the addition of ceramic particles to amorphize the 
polymer is of limited effectiveness in the practical sense. 
 
The substantial ameliorations of ionic conductivity still rely on novel designs of the Li+ 
conduction channels. It is believed that the sluggish creeping of PEO segments along 
each long chain is the root cause of slow Li+ transport despite having large domains of 
amorphous PEO. One of the possible solutions is to introduce chain motion “lubricants” 
into the PEO matrix, which is most conveniently done by grafting very short PEG 
segments onto the surface of the particulate filler, to introduce an interfacial PEG liquid 






In this paper, we describe the design and preparation of “fuzzy” SiO2 particles using 
toluene 2,4-diisocyanate (TDI) as the bridging molecule to connect short PEG segments 
to SiO2 nanoparticles. A very high degree of surface functionalization could be achieved 
without any hydrolytic process. The resulting fuzzy particles were then loaded into the 
PEO matrix to form a modified inorganic-organic hybrid electrolyte system with 
improved compatibility between the inorganic phase and the bulk polymer.  The new 
solid polymer electrolytes prepared as such were totally solid state and mechanically 
superior to gel polymer electrolytes made with fused silica (Walls et al., 2000; Lauter et 
al., 1997). They showed the expected improvement in electrochemical properties and 
interfacial compatibility. Compared with our previous work using sol-gel reactions for 
surface functionalizations (Liu et al., 2002), the new method delivers similar outcome 
without the possibility of residual moisture presence in the polymer, which is a bane to 
any high voltage applications such as Li-ion batteries. 
 
4.2   Experimental 
4.2.1   Materials 
 
Polyethylene oxide (PEO, MW = 900,000), high surface area SiO2 (390 m2 g-1, particle 
size = 7nm), LiBF4, tetrahydrofuran (THF) and toluene 2,4-diisocyanate (TDI) were 
purchased from Aldrich and used without further purification. Poly (ethylene glycol) 
methyl ether with average molecule weight of 350, 550, and 750 were also supplied by 





casting polymer electrolyte membranes. Toluene (99.9%) was purchased from Baker. 
Dibutyltin dilaurate (C32H64O4Sn) from Fluka was used as the catalyst for the grafting 
reaction. 
 
4.2.2   Modification of SiO2 
 
The anchoring of PEG segments on the SiO2 particles consisted of two sequential steps. 
First, 1g SiO2 was suspended in 20ml toluene and de-flocculated by ultrasonic agitation 
for 2 hours. An excess of TDI was then added to the dispersion (in mole ratio of TDI to 
SiO2  surface OH groups of  2:1, the density of hydroxyl groups on the SiO2 surface was 
7.1×10－3 mol/g). Several drops of dibutyltin dilaurate were introduced to the solution as 
the catalyst. The above procedure would graft TDI on the SiO2 surface according to the 












The resulting mixture was stirred at room temperature under argon atmosphere for 24h. 
The modified SiO2 was recovered as moist slurry after centrifugation at 15,000 rpm for 
15 minutes. The slurry was washed with THF, re-dispersed and re-centrifuged several 
times to remove the unused TDI. The slurry was dried to a powder in vacuum at 60oC for 
72h before characterization.  
 
For step 2, the powder from step 1 was reacted with excess of PEG methyl ether of 













The final product was also purified in THF through repeated re-dispersion and 
centrifugation; and was kept in vacuum at 60oC for 72h before characterization and 
further use. 
 
4.2.3   Characterizations of Modified SiO2 Powders 
 
The modified SiO2 particles were characterized by Fourier-transform infrared 
spectroscopy (FT-IR) using a Bio-Rad FTS 135 spectrometer.  Each spectrum was the 
result of 16 scans in the range of 400 ~ 4000 cm-1 sampled at 8 cm-1 resolution. 
Thermogravimetric analysis (TGA) of the samples was performed on a TA Instruments 
TGA 2090 analyzer where the temperature was ramped from room temperature to 800°C 
at the rate of 10°C/min. A Perkin Elmer 2400 Series II CHN analyzer provided 
information on the carbon and hydrogen contents in the samples. Glass transition 
temperatures were measured by differential scanning calorimetry (DSC) using a Mettler-
Toledo analyzer consisting of the DSC 822e main unit and the STARe software. About 
10 mg of sample was sealed in a standard aluminum pan inside a glove box to prevent 
sample exposure to moisture. The sample pan was then heated in a nitrogen atmosphere 








4.2.4   Preparation of Composite Electrolyte Membranes 
 
The following procedures were carried out in a M Braun recirculating Ar glove box 
where the moisture and oxygen contents were below 1 ppm each. Calculated amounts 
(for a ceramic loading of 10 wt. %) of PEO, LiBF4 and SiO2 (or modified SiO2) were 
dispersed into acetonitrile at 40°C and stirred continuously for 12 hours to obtain a 
homogeneous suspension. The mole ratio of EO to Li was fixed at 8:1 for all samples. 
The solution was poured over a flat polytetrafluoroethylene (PTFE) petri dish and 
covered. The solvent was allowed to evaporate slowly and the membrane so obtained 
was dried at 40oC for 2-3 days until a constant weight was reached. Visibly 
homogeneous, translucent and mechanically stable membranes with thickness in the 
range of 60-80 µm could be obtained this way. 
 
4.2.5   Morphology Examination of the Composite Electrolyte Membranes 
 
A JSM-5600LV scanning electron microscope (SEM) operating at 15 kV was used for 
morphological examination and microstructural characterization of the composite 








4.2.6 Measurements of Electrochemical Properties 
 
Electrochemical measurements were carried out using blocking SS/composite 
electrolyte/SS cells where SS is stainless steel. An Eco Chemie PGSTAT 30 
potentiostat/galvanostat equipped with a frequency response analyzer module was used to 
obtain sample electrochemical impedance response between 30oC and 90oC.  Ionic 
conductivity was calculated from the impedance response using a widely accepted 
equivalent circuit model and extracting the bulk resistance of the electrolyte from the 
high frequency response (Abraham et al., 1997; Watanabe et al., 1985; Boukamp, 1986).  
 
For the measurement of Li+ transference numbers, lithium metal was used for both 
electrodes to constitute a symmetric test cell with the configuration of Li/electrolyte/Li. 
The electrochemical impedance was first measured before a d.c. bias of 10 m V was 
applied to the cell. The current response of the cell was monitored over time until a 
steady state was reached.  Another measurement of the cell impedance was then made to 









4.3   Results and Discussion 
 
4.3.1   Characterizations of Modified SiO2
 
As shown in reaction schemes 1, the NCO groups at the para-position of the TDI 
molecules would be primarily involved in the reactions when TDI was present in excess 
(in mole ratio of 2:1) (Wu et al., 2003). The remaining meta–NCO groups would then 
react with the OH ends of poly (ethylene glycol) methyl ether in the second step. Excess 
poly (ethylene glycol) methyl ether was used to completely react away all the remaining 
–NCO functionality. The stepwise reactions were confirmed by FTIR and by TGA 
measurements of the SiO2 particles before reaction, and at the conclusion of each 
modification step. The modified SiO2 were differentiated using acronyms to indicate the 
molecule weight of the PEG group used to attach to the nanoparticle surface. Thus S2-
350, S2-550 and S2-750 were samples obtained in step 2 using PEG of molecule weights 
of 350, 550 and 750 respectively. In addition, S1-TDI denotes the sample obtained from 














































Figure 4.1 FT-IR spectra of (a) precursor SiO2; (b) S1-TDI ;(c) S2-350;(d)   S2-550;(e) 
S2-750 
 
Figure 4.1 shows the FT-IR spectra of (a) pristine SiO2 ;(b) S1-TDI, obtained by grafting 
TDI only on SiO2; and (c) S2-350; (d) S2-550; and (e) S2-750, obtained after the 
reactions of the pendant TDI on SiO2 with PEG-methyl ether molecules of different 
molecular weights. The IR spectrum of unmodified SiO2 was characterized by strong IR 
absorption at 3436 cm-1 due to the surface –OH groups and Si-O vibrations in the region 
of 1100-850 cm-1 for. A peak at round 2270 cm-1 appeared in spectrum (b) which agrees 
well with the characteristic frequency of the NCO group (Wu et al., 2003) and hence 





step. The fingerprint vibration of the NCO groups was dramatically reduced in spectra (c), 
(d) and (e) after the second reaction step; concurrent with the emergence of new C-H 
vibrations at 2900 cm-1; a property of the PEG segment. This spectral evolution is most 
easily understood by the successful anchoring of PEG-methyl ether to the pendant TDI 
groups; thereby removing the free NCO functionality. Successful modification is also 
shown by the peak around 1522 cm-1 in Figures 4.1 (b), (c), (d) and (e) arising from the 
























Figure 4.2 TGA curves for pristine and modified SiO2 
 
Figure 4.2 shows the TGA curves of SiO2, TDI modified SiO2, and PEG modified SiO2 





due to the desorption of physically held water. In the case of modified SiO2, the weight 
loss between 250 and 800oC was significantly higher at 14 wt. %, as expected from the 
thermal decomposition of the organic moieties. For SiO2 modified with different 
molecular weights of PEG (curves (c), (d) and (e) in the Figure), the increasing weight 
loss from 19.1 wt. %, to 22.9 wt. %, and to 24.4 wt. % respectively appears to scale with 
the molecular weight. Compared with our previous work (Liu et al., 2002), the extent of 
grafting has been successfully improved (2 wt. % in our previous work), which should 
result in a more extensive amorphization of the polymer in the composite polymer 
electrolytes. The more effective modification is attributed to the facile hydrogen shift 
reaction between the NCO and OH functional groups using TDI as the bridging molecule, 
which facilitates a more uniform and greater number of NCO groups attaching onto the 
SiO2 surface for subsequent reactions with the short PEG chains in the second step to 
result in a greater extent of grafting modification. 
 
4.3.2   Morphology of the Composite Electrolytes Films  
 
A similar acronym system was used for the composite polymer electrolytes. PEO-350, 
PEO-550 and PEO-750 were composite polymer electrolytes prepared from  SiO2 
particles which were surface modified with PEG of molecule weights of 350, 550 and 
750 respectively. 
 
It is well known that PEO-based composite electrolytes have multiphase features when 





ceramic fillers has great impact on the (thermal, mechanical and optical) properties of the 
polymer electrolytes. Normally, three to four phases co-exist in the PEO-based 
electrolytes: the crystalline PEO phase, the crystalline PEO-lithium salt complex phase, 
the amorphous PEO phase and the ceramic phase. SEM is often used to assess the 
compatibility between the various phases through the detection of phase separations and 
interfaces (Ging-Ho Hsiue et al., 2000, Chu and Reddy, 2003; Wen et al., 2002; Fan et al., 
























































The SEM examination of the five samples of interest showed greatly varying surface 
morphologies. Figure 4.3 (a) shows a typical rough surface microstructure of pristine 
PEO under high magnification. Several crystalline domains and lots of microcracks and 
spherulitic structures can be found in the image. After blending with pristine SiO2, the 
surface texture was smoothened somewhat but the same corrugated appearance remained 
recognizable. In Figure 4.3 (b), a smooth appearance is generally associated with the 
lowering of PEO crystallinity e.g. in the presence of salts. (Chu and Reddy, 2003). The 
presence of SiO2 particles in this case had therefore caused a lowering of the polymer 
crystallization, but to a limited extent. Further and more dramatic refinements of the 
surface morphology were made possible with the incorporation of modified SiO2, as 
shown in Figure 4.3 (c), (d) and (e). Contrasting these images with those in Figure 4.3 (a) 
and (b), it is evident that the PEG modified SiO2 was much more effective in suppressing 
the formation of microcracks within the composite polymer electrolyte. It is reasonable to 
assume that modified SiO2 with short PEG chains is more comparable with PEO, and 
may serve as a compatibilizer between the inorganic particles and the polymer, leading to 
increased miscibility between the two, which is further confirmed in the following DSC 
investigation. In addition, the more even distribution of the modified SiO2 also enhances 
the opportunity for a continuous network through cross-linking, with the expected 
increase in mechanical properties. Consequently, the interfacial gaps between different 
oriented crystal phases were replaced by flexible amorphous coils. This effect is crucial 
to practical applications since the micro-structural discontinuity could easily lead to the 
short-circuiting of anode and cathode and consequently the cycle life of lithium batteries 





4.3.3   Thermal Property 
 
DSC was used here to follow the phase change in the modified and unmodified systems. 
It is believed that a uniform dispersion of ceramic particles would be more successful in 
retarding the tendency for PEO to crystallize. The amorphization effect of ceramic fillers 





















































Figure 4.5 Hypothesized interactions between the short PEG chains on modified SiO2 
and the PEO main chains 
 
 
From the DSC traces in Figure 4.4, Tc, the crystallization temperature, was lower in the 
composite electrolytes. This is an expected response from the hypothesis in Figure 4.5, 
where modified SiO2 particles kinetically inhibit the ordered packing of PEO chains 
around the particles to result in a relatively slack crystalline phase. In fact, since the PEG 
chains attached to the SiO2 particles are very short, this organic modification layer was 
actually in the liquid form at room temperature. It could therefore function like a 
lubricant to the segment motion of the PEO chains, and provide more conduction 





tendency of the PEO main chains. Li ionic conductivity is expected to increase as a result, 
as will be shown in the following section.  
 
4.3.4   Electrochemical Properties of the Composite Polymer Electrolytes 
 
For conductivity measurements using two blocking electrodes, the following equation 





In the equation d and r are the thickness and radius of a sample membrane disc, and Rb is 
the bulk resistance of the polymer electrolyte obtained from complex impedance 
measurements. It is widely accepted that Rb could be obtained from the intercept on the 
real axis at the high frequency end of the Nyqisut plot of complex impedance (Abraham 





















































Figure 4.6 Temperature-dependence of ionic conductivity (a) precursor SiO2 ; (b) PEO- 
SiO2 ; (c) PEO-350 ; (d) PEO-550 ; (e) PEO-750 
 
The difference between the temperature dependence of ionic conductivity of composite 
polymer electrolytes with 10 wt. % of SiO2 or modified SiO2 systems, as shown in Figure 
4.6, is within our expectation. The increased in ionic conductivity with temperature up to 
the melting point of PEO is a well-understood phenomenon. When SiO2 is added to PEO, 
the Lewis acid-base interactions between PEO and SiO2 would amorphize the polymer 
locally around the ceramic particles, creating more effective conduction pathways for the 
lithium ions, which resulted in higher conductivity at lower temperatures as shown in 





further upward adjustment in ionic conductivity at temperatures below the PEO melting 
point. Since ion conduction occurs predominantly in the amorphous phase (Berthier et al., 
1983), any inducement to increase the proportion of the amorphous phase below the PEO 
melting point is expected to increase the room temperature conductivity. Grafting short 
PEO segments, which are totally liquid-like at room temperature, on the SiO2 surface is 
therefore effective in increasing the amorphous phase in the composite electrolytes to 
support more ion conduction channels. Above the melting point of PEO, all systems are 
amorphous with or without SiO2, and the advantage of SiO2 understandably disappears 
(Figure 4.5). 
 
The lithium transference numbers in the SiO2 and modified-SiO2 systems were also 
measured to determine the relative contributions of cations and anions to the overall 
conductivity. The transference numbers were calculated by the method of Evans et al 
(Evans et al., 1987). The decrease in current from t = 0 to the steady state after the 
potential of the symmetric test cell was stepped up is the result of two concurrent 
processes: the growth of passivation layers on the lithium electrode to a limiting 
thickness and the establishment of a concentration gradient in the electrolyte which 
affects the ionic movement. The following equation was used to calculate the transfer 














where ∆V is the value of the applied d.c. bias (10mV), and R0 and Rs are the initial and 
steady state resistances of the passivation layer obtained from complex impedance 
measurements.  I0 and Is are the initial and steady-state currents.  
The transference number for the pristine SiO2-PEO system was 0.25. The transference 
number for the modified-SiO2-PEO systems was lower, at 0.22 and varied very little 
among different modified systems. These numbers fall within the range common for 
PEO-based polymer electrolytes (T+ = 0.1-0.3 approximately) (Appeteccchi et al., 1996).  
 
The Li transference number in composite electrolytes is an indication of the cationic 
mobility, which is influenced by the interactions between lithium ions, anions, ether 
oxygen atoms and the functional groups on the ceramic particle surface. The hydrogen 
bonding between the hydroxyl groups of the ceramic particles and BF4- anions or the 
ether oxygen atoms of PEO is expected to constrain the movement of BF4- anions, even 
though such interactions might be relatively weak and subtle. The competition between 
the hydroxyl groups and lithium ions for binding with the ether oxygen atoms of PEO, on 
the other hand, should promote lithium ion transport (Croce et al., 1998; Chung et al., 
2001). These mechanisms considered collectively predicted a higher Li transference 
number for systems with high OH densities. For the modified SiO2 system, the particles 
contributed primarily to the amorphization of the polymer with weakened acid-base 
interactions since part of the OH groups were replaced by short polymer chains. The 
interactions between ceramic particles, lithium salt and PEO chains may not be 
comparable to pristine SiO2 which has a high concentration of hydroxyl groups on its 





ceramic particles and the polymer so that the former may be considered as an extension 
of the polymer phase, and an increase in amorphization. The increased compatibility 
between the inorganic and the polymer phases is therefore derived at the expense of 
weakened Lewis acid-base interactions.  
 
4.4   Conclusions 
 
As an attempt to increase the amorphous content of PEO for room temperature ionic 
conductivity improvement, short PEG chains with different molecule weights were 
successfully grafted onto SiO2 particle surface using toluene 2,4-diisocyanate (TDI) as 
the bridging molecule. The use of TDI also significantly increased the extent of grafting 
compared to our previous work using a sol-gel process (Liu et al., 2002). SEM showed 
smoother texture and a more continuous polymer network after the modification, 
indicating enhanced compatibility between the two basically immiscible components 
(polymer and ceramic fillers). Measurements of electrochemical properties showed 
higher room temperature conductivities but lower transference numbers for the modified 
systems. The increase in ionic conductivity is due to the increase in the number of ion 
conduction channels in close proximity of the modified SiO2 particles; and the decrease 
in transference number is due to the weakened Lewis acid-base interactions between the 









A simple visualization method was developed to enable the imaging of the distribution 
and agglomeration of ceramic fillers in composite polymer electrolytes by scanning 
electron microscopy (SEM) and Transition Electron Microscopy (TEM) examinations. 
Solvent-free composite electrolytes based on poly (ethylene oxide) (PEO), LiBF4 and 
SiO2 particles were used as examples.  The SiO2 particles were stained by a heavy 
element (Pb) to enhance the imaging contrast between the particles and their 
surroundings.  
 
The SiO2 particles were chemically modified by a silanization reaction to reduce the 
density of the surface OH groups, and consequently the extent of Lewis acid-base 
interactions between the ceramic fillers, the polymer and the Li salt. While the 
modification did not affect the particle size and distribution in the polymer host, it did 
noticeably lower the ionic conductivity and Li+ transference. This is an indication of the 
importance of Lewis acid-base interactions in any composite polymer electrolyte system.  
 
A new composite polymer system was formulated using SiO2 particles surface grafted 
with short poly (ethylene glycol) (PEG) chains of different molecular weights. Short and 
“fuzzy” PEG chains with different molecule weights were successfully grafted onto 
pristine SiO2 nanoparticle surface using toluene 2, 4 diisocyanate (TDI) as the bridging 
molecule. Solvent-free composite electrolytes based on poly (ethylene oxide) (PEO), 





electrolytes with modified SiO2 showed noticeably smoother surface texture under 
scanning electron microscopy (SEM), which is attributed to the improved compatibility 
between the ceramic particles and polymer. The SiO2 particles were better dispersed in 
the polymer host. The enhanced interfacial stability between the two led to a more 
homogeneous composite system and a more effective amorphization of the polymer that 
led to the increase in room temperature ionic conductivities. On the other hand, a lower 
transference number was the result of weakened Lewis acid-base interactions between 
the polymer backbone and a smaller number of OH groups on the silica surface. 
 
 
The surface modification described in this work improved, but not totally eradicated the 
particle distribution problem in the polymer medium. There also appears to be mutually-
compensating effects of an unknown nature that limit the electrochemical transport 
properties to be improved beyond the current technology level of σ =10-5 S/cm based on 
the mixed phase system.  Perhaps true inorganic-organic hybrids, or a combination of 
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